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1

Organophosphorus chemistry
PAT R I C K J . M U R P H Y

1. Introduction
The impact of organophosphorus chemistry on modern synthetic chemistry is
difficult to quantify, but one can safely assume that the study of this element
has influenced all areas of chemical endeavour.1 Organophosphorus chemistry,
as a discrete area of study, is the study of compounds containing a C−−P bond
and this book is largely focused on this topic. However, other areas of interest
including azaphosphorus, oxyphosphorus and metallophosphorus chemistry are
discussed either explicitly as topics or in an implicit manner within the chemistry
detailed in each chapter. The purpose of this introductory chapter is to cover
many of the general aspects of organophosphorus chemistry and the chemical
techniques required for their preparation, including practical methods commonly
encountered and some aspects of spectroscopy.

Many texts on organophosphorus chemistry have been published ranging from
in-depth studies of the subject as a whole1,2 to more general texts,3 which would
serve as a general introduction to the field. Of the more comprehensive texts, the
four-volume2a–d series entitled The Chemistry of Organophosphorus Compounds
edited by Hartley provides core material published before 1990 and represents
an excellent starting point for those new to the field. A considerable amount
of organophosphorus chemistry is published in the core literature, which can
be difficult to access, however, the periodical Organophosphorus Chemistry4

published annually by the Royal Society of Chemistry offers a yearly review of
the highlights and key developments in the field.4 Several other periodicals, which
are no longer published are worthy of note5 and the two journals Phosphorus,
Sulfur and Silicon, and the Related Elements and Heteroatom Chemistry provide
a considerable quantity of useful information for the serious researcher.6

2. Nomenclature
The nomenclature of phosphorus-containing compounds is complicated to some
extent by the overlap of inorganic and organic nomenclature, particularly with
respect to compounds containing the P−−O−−H functionality. From the point of
view of this volume, the basic nomenclature used for trisubstituted phosphorus
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compounds is given in Scheme 1, and that for tetrasubstituted compounds is
shown in Scheme 2.1
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Scheme 1 Nomenclature for trisubstituted phosphorus compounds.
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Scheme 2 Nomenclature for tetrasubstituted phosphorus compounds.

3. Practical methods
The reader is referred to more general texts for further information on general
experimental techniques.7 However, it is hoped that for those not experienced

2
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with organic chemistry, enough information has been provided here to perform the
experiments. This chapter is intended to familiarize the reader with the equipment
and techniques, which are used in the protocols throughout the book.

3.1 Solvents
As with most synthetic organic chemistry, the availability of pure, and in many
cases, dry and oxygen-free solvents is essential for both effecting synthetic trans-
formations and for purification purposes. A wide range of organic solvents are
employed in organophosphorus chemistry, and many are available from suppliers
in an anhydrous form, packaged under nitrogen in SureSeal™ bottles, which are
usually suitable for use in the reactions we will cover. However, an alternative
method is to purchase technical-grade solvents, which are then treated with chem-
ical drying agents to remove the moisture present and then distilled, either directly
before use or onto a drying agent for storage, such as molecular sieves. A range of
methods are available for drying solvents8–10 and the typical solvents employed in
organophosphorus chemistry and their method of distillation are detailed below.

3.1.1 Diethyl ether and tetrahydrofuran (THF)
These solvents can be dried efficiently by first drying over sodium wire and then
distilling directly before use, from sodium metal under an inert atmosphere in
the presence of a small amount of benzophenone. This combination produces
a deep-blue/purple solution of sodium benzophenone ketyl if the solvent is dry,
and the ketyl colour acts as an indicator, which, when it fades, indicates that
additional sodium is needed. This is also an advantageous method as the ketyl
is an extremely efficient oxygen scavenger.8 It is important that peroxide-free
diethyl ether and tetrahydrofuran (THF) are employed in the still, and it is also
important to ensure that peroxides do not accumulate in stored samples of these
solvents. A simple test for this is to mix a sample of the solvent (approximately
1 mL) with glacial acetic acid (1 mL) containing KI crystals (100 mg). A yellow
colouration indicates the presence of a small quantity of peroxides, whilst a deep
brown colouration indicates a higher concentration. Peroxides can be removed
in a number of ways,8,9 the most convenient being to wash repeatedly with an
acidified FeSO4 solution (FeSO4 (60 g), concentrated H2SO4 (6 mL), and water
(110 mL)), until a negative peroxide test is obtained. The solvent should then
be washed with KMnO4 solution (0.5%), NaOH solution (5%), water, and then
dried over CaCl2 for 24 h.

3.1.2 Benzene and toluene
These solvents are most conveniently dried by treatment with calcium hydride
followed by distillation onto 4 Å molecular sieves.

3.1.3 Petroleum ether (petrol)
Petroleum ether can be dried by distillation onto activated 4 Å molecular sieves.

3
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3.1.4 Dichloromethane
Dichloromethane can be dried by treatment with calcium hydride in a continuous
still or can be stored by distillation onto 4 Å molecular sieves. Caution! Never
treat chlorinated solvents with sodium or strong bases—an explosion may occur.

3.1.5 Dimethylformamide (DMF)
Stir over calcium hydride or phosphorus pentoxide for 24 h, filter under an inert
atmosphere and distil (56◦C at 20 mmHg) onto 3 Å molecular sieves. An altern-
ative method is to dry over three batches of 3 Å molecular sieves (5% w/v,
3 × 12 h).

3.1.6 Molecular sieves
The immediate use of dried, deoxygenated solvents is recommended, although
non-ethereal solvents can be stored over activated molecular sieves in thoroughly
dried containers under N2/Ar. It is recommended that new molecular sieves be
dried before use by heating them in a well-ventilated oven at 320◦C for 3 h
followed by cooling them in an evacuated desiccator, which is filled with dry
N2/Ar. Sieves may be reused if they are free from residual solvents.

3.1.7 Distillation set-up
If regular amounts of solvent are required, it is convenient to set up a solvent
distillation apparatus, commonly referred to as a solvent still. A solvent still
enables a continuous supply of dry solvent to be available, which can be conveni-
ently collected under an inert atmosphere. Common stills are those for drying
diethyl ether, THF, and dichloromethane. The still shown in Figure 1.1 has an
adaptation for removing solvents from the still-head collection reservoir through
a septum cap by syringe or, if larger quantities are required, a flask can be con-
nected to the Quickfit adapter on the still-head. These two methods minimize
the exposure of the solvent to the atmosphere. When using a solvent still, the
following precautions should be observed:

1. The still should be situated in an efficient fume hood, and all tubing for inert
gas and water supplies should be securely attached using copper wire or plastic
cable ties.

2. The heating mantle should be of such a design that there is no risk of sparks
igniting the solvent. This also applies to all electric cables and plugs. The
mantle should also incorporate an electricity cut-out device to operate if the
water supply to the condenser fails.

3. It is imperative that the bottom flask containing the drying agent should not
be allowed to boil dry. This risk can be minimized if the flask is of greater
capacity than the collection reservoir and is regularly topped up with solvent.

4. During cooling, an adequate flow of inert gas should be maintained.

4
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Inert gas supply

Water

Water

Septum

Two-way tap

To receiving flask

Round-bottomed flask

Three-way tap

Overflow device

Stoppered side-arm
with retaining clip
(to refill still)

Condenser

Two-way tap

Fig. 1.1 General set-up for a solvent still (reproduced with permission from Ref. 13).

5. Caution! The use of a semi-permanent still for ethereal solvents can lead
to a build-up of peroxides. The solvent should be checked for peroxides at
frequent intervals, and if these are detected, the still should be dismantled and
the drying agent and peroxides carefully destroyed. Also, when renewing the
still, fresh batches of the solvent and drying agent should be used.

3.2 Working under an inert atmosphere
Many preparations require the use of an inert atmosphere and are thus carried out
under an atmosphere of anhydrous nitrogen or argon. Argon has the advantage
of being heavier than air and, therefore, provides a more effective barrier against
the outside atmosphere, but nitrogen is more commonly used owing to its lower
cost. The best method for ensuring that reactions are purged free of oxygen is to
employ a purpose-built double manifold of the type shown in Figure 1.2. This
apparatus provides the inert gas and a vacuum source via two-way stopcocks
and allows several inert atmosphere experiments to be run simultaneously. It can
also be fitted with a Quickfit adapter fitted with a septum, which can be used for

5
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Connector

Two-way stopcock

To apparatus

Inert gas supply

To vacuum

Paraffin oil

Fig. 1.2 Double manifold apparatus (reproduced with permission from Ref. 13).

purging syringes with inert gas. The supply of inert gas to the manifold should be
controlled in two stages using a cylinder regulator and then a needle valve, and
the apparatus should also be equipped with a bubbler to control the release of gas.

Further examples of apparatus designed for specific applications appear in
the recommended experimental texts for organic synthesis.7

3.3 Reaction apparatus
A variety of experimental set-ups will be employed throughout this book. In cases
where cooling of a process is required, an arrangement of glassware similar to
that shown in Figure 1.3 will be suitable. This consists of a three-necked flask
equipped with a magnetic stirring bar, a septum, a low temperature thermometer,
and an inlet for inert gas and vacuum. Liquid reagents and solvents can be added
via syringe through the septum and, provided that an adequate flow of inert gas
is maintained, the septum can be removed to allow the addition of solids.

If heating of the reaction is required, the flask should be equipped with a reflux
condenser and an efficient heating apparatus. Two options are generally available
for heating a reaction, first, an isomantle which offers direct heating to the flask
and can be equipped with a stirring mechanism. Alternatively, an oil-bath is more
frequently used as illustrated (Figure 1.4) as this option offers more controlled
heating. It is recommended that only fresh paraffin or silicone oil is used in the
bath and that a temperature regulating device is fitted to the bath in conjunction
with a water cut-out mechanism.

3.4 Standardization of organolithium reagents
In many of the preparations detailed in this book, the use of n-BuLi is required.
It is recommended that for any purchased solution, this reagent is standardized
before use as there is generally a considerable difference between the expected

6
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Balloon

Tubing

To vacuum
Fasten with an
elastic bandThermometer

Stirring bar

Graduated syringe

Needle

Septum

Nitrogen/
argon entry

Three-way
stopcock

Dry-ice Dewar or
insulated cold bath

Fig. 1.3 Apparatus for performing a reaction at low temperature (reproduced with permis-
sion from Ref. 13).

Condenser

Water out

Clamp

Clamp
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stirrer bars

Water
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Thermometer

Heating bath
(oil, etc.)

Magnetic
stirrer/ hotplate

Fig. 1.4 Apparatus for performing a reaction under reflux.
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concentration and the actual one, as the reagent may have deteriorated over time.
Many methods are available for the standardization, but the most convenient
are those which rely on the formation of coloured dianions.11–13 A procedure
(Protocol 1) using 1-pyreneacetic acid is one of the most convenient in view of
the distinctive red end-point obtained and the fact that the reagent can be recovered
easily from titration mixtures and then reused.12,13 The procedure described can
be used for the standardization of butyl-lithium and allows an estimation of the
reagent concentration within approximately 0.1 M; it is recommended that the
protocol be performed in duplicate.

Protocol 1.

Titration of n-butyl-lithium using 1-pyreneacetic acid12,13

Caution! Carry out all procedures in a well-ventilated hood, and wear disposable
vinyl or latex gloves and chemical-resistant safety goggles.

Equipment (see Figure 1.5)
• A pre-dried, two-necked, round-bottomed flask

(50 mL) incorporating side-arm tap adapter (for
inert gas inlet), with magnetic stirring bar,
septum and gas outlet

• Dry, gas-tight syringes [1 mL, with 0.01 mL
graduations (preferably fitted with a screwdriver
plunger), and 10 mL]

• Inert gas supply

Materials
• Butyllithium solution to be standardized pyrophoric

• 1-Pyreneacetic acid (FW 260.3), pre-dried to constant weight in vacuo, (100–200 mg)
• Anhydrous THF 10 mL flammable, irritant

Graduated syringe

Two-way stopcock

Stirring bar

Septum

Vent needle to bubbler

To vacuum
inert atmosphere

Fig. 1.5 Apparatus for standardization of n-BuLi (reproduced with permission from
Ref. 13).

8
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Method

1. Flush the round-bottomed flask and accessories with dry, oxygen-free N2/Ar.
Flame dry the flask and allow it to cool in a stream of inert gas. Maintain an
inert atmosphere during the remaining steps.

2. Weigh out the 1-pyreneacetic acid accurately, using an analytical balance,
and transfer to the round-bottomed flask. Add the THF and stir the mixture
until a homogeneous solution is obtained.

3. Charge the 1 mL syringe with the organolithium reagent, and then insert
the needle through the septum. Add the organometallic reagent slowly and
dropwise (over a period of 3–4 min; slow addition is essential to minimize
reaction between THF and BuLi). The end-point is when the red colour of the
dianion just persists.

4. The molarity of the butyl-lithium can now be calculated from a consideration
of the number of moles of 1-pyreneacetic acid utilized and the volume of BuLi
required to obtain a permanent end-point (molarity (M) = mols/vol).

3.5 Cooling baths
Many reactions are carried out in the temperature range 0 to −100◦C and a range of
cooling systems are available for achieving these temperatures. Table 1.1 is a list
of common slush bath compositions, however, many others are available.9, 14, 15

The temperature of the reaction mixture should be monitored by means of an
internal thermometer (or a temperature probe), as shown in Figure 1.3, since
the internal temperature may differ significantly from that of the cooling bath

Table 1.1 Common slush bath compositions

Solvent/additive Temperature (◦C)

Ice 0
Ice/salt (3 : 1) −8
Carbon tetrachloride/CO2 −23
Ice/CaCl2 · 6H2O (4 : 5) −40
Acetonitrile/CO2 −42
Chloroform/CO2 −61
Ethanol/CO2 −72
Acetone/CO2 −78
Hexane/liquid N2 −94
Ethanol/liquid N2 −116
Liquid N2 −196

9
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Motor

Vacuum

Heating controlTemperature 
gauge

Oven
Sample

Fig. 1.6 A Kugelrohr bulb-to-bulb distillation apparatus.

medium, particularly during the addition of reagents which produce an exothermic
reaction.

3.6 Vacuum distillation
Starting materials, reaction products and solvents often need to be distilled in
order to enhance purity. For small-scale distillations, a Kugelrohr bulb-to-bulb
distillation apparatus is convenient (Figure 1.6). The sample is placed in the end
bulb, the system placed under vacuum if required and the oven temperature is
raised. The sample distils into the next bulb (which is outside of the heating
compartment) and collected. The distillate can then be redistilled into the next
bulb, if required. If the sample has a relatively low boiling point under the pressure
employed, it is common practice to cool the receptor bulb with ice, dry ice, or
even liquid nitrogen (absorbed onto cotton wool).

A short-path distillation procedure may be used in situations where a simple
distillation is required, as purification from non-volatile components/fractional
distillation with a Kugelrohr apparatus is difficult. A water-jacketed, semi-micro
distillation apparatus is illustrated in Figure 1.7. Heating can either be achieved
with the aid of an oil-bath, an isomantle, or a flame (Caution! ensure that there are
no flammable solvents nearby). For larger scale distillations, a round-bottomed
flask should be attached to a distillation column, a still-head, and condenser. The
column used in the distillation is variable, and may be either a Vigreux column
or a column packed with glass helices.

3.7 Spectroscopic techniques
A variety of spectroscopic techniques are available to the practising organic
chemist, and many sources of information are available with excellent cover-
age of the essential methods and analysis of spectroscopic data.16 It is widely
accepted that nuclear magnetic resonance (NMR) spectroscopy has become the
most essential tool for the organic chemist and the reader is assumed to have

10
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Quick fit thermometer

Short path destilation apparatus

To vaccum pump

Magnetic  stirrer 
bar

Fig. 1.7 A semi-micro distillation apparatus.

a basic understanding of the principals of the technique and the analysis of the
spectra obtained from them.

The stable isotope of phosphorus 31P has a spin of I = 1/2 and is, thus,
NMR active. A considerable amount has been written17 on 31P NMR and the
reader is referred to these texts for more specialized information. In the spe-
cific examples presented in this volume, 31P chemical shifts will be referred
to as and when they are required. In general, the magnitudes of the chemical
shifts observed are dependent on both the electronegativity of the substituients
directly attached to the phosphorus and the amount of back donation of elec-
trons by π-bonding. Thus, increasing the electronegativity of the substituient
groups decreases the electron density at the phosphorus atom and leads to a shift
to higher frequency (deshielding). Phosphorus compounds resonate over a very
wide range (circa +600 to −450 ppm relative to an 85% orthophosphoric acid
standard), however, direct correlation between chemical shift and structure are
not as predictable as those in 1H and 13C NMR spectroscopy. A small selection
of chemical shifts for organophosphorus compounds is given in Table 1.2 for
comparison and reference purposes.

Infrared spectroscopy can also be of diagnostic use for the identification of
organophosphorus compounds and comprehensive data is available from sev-
eral sources.18 Diagnostic absorptions include the P−−H stretch, which typically
occurs in the region 2460–2450 cm−1, the P==O stretch at 1320–1200 cm−1 and
the P==N at 1440–1120 cm−1. Other useful absorptions include the P−−O−−(C)
stretch at 870–730 cm−1 and the P−−O−−P stretch at 800–650 cm−1 found in
phosphate esters.

11
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Table 1.2 Chemical shifts for some
organophosphorus compounds

Structure Chemical shift

PMe3 −62
PPh3 −6
PCl3 +219
PCl5 −80
PBr3 +227
MePCl2 +191
PhPCl2 +162
Ph2PCl +81
Ph2PH −41
P(OEt)3 +137
P(OPh)3 +127
(EtO)2PCl +165
Et3PO +48
Ph3PO +29
(MeO)3PO +2
(Me2N)3PO +24
(MeO)2POCl +8
(MeO)2POH +10
Ph3P=CH2 +20
Ph3PCH+

3 Br− +23
H3PO4 0
H3PO2 +13
Me2PO2H +49
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